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(54) Ultrasonic sensor and pipetting apparatus using same 



(57) An ultrasonic sensor detects the time of rise of 
the first of transmitted waves and also detects peak 
points Po appearing in the waveform of received waves 
to detect a waveform reference point where the time- 
base coordinate of a phantom envelope connecting 
these peak points Po is a minimum. The time T2 of rise 
of the first of the received waves is calculated by adding 
a predetermined period of offset time To to the time t2 of 
the waveform reference point of the received waves to 
calculate the elapsed time AT from the time of rise of the 
first transmitted wave to the time of rise of the first 

FIG. 8 



received wave. The distance L to an object of measure- 
ment is calculated based on the result of calculation. 
The distance L to the object can be calculated alterna- 
tively based on the elapsed time AT' from a waveform 
reference point of the transmitted waves to the wave- 
form reference point of the received waves. The sensor 
thus realized gives measurements with high accuracy 
even with use of ultrasonic waves of relatively low fre- 
quency. 
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Description 

FILED OF THE INVENTION 

The present invention relates to ultrasonic sensors 
for measuring distances and pipetting apparatus for 
pipetting or diluting reagents, samples and the like. 

BACKGROUND OF THE INVENTION 

With reference to FIG. 18, pipetting apparatus gen- 
erally comprise a triaxially drivable table mechanism 18 
controllable by a controller 1 9 and having a pipette head 
15 attached to the output portion of the mechanism. 
Projecting downward from the head 15 is a pipette 16 
for drawing in and discharging a reagent. 

When the reagent is to be placed in small portions 
into cavities 21 in a plate 20 on a base 17, the pipette 
head 15 is moved by the operation of the table mecha- 
nism 18 to bring the lower end of the pipette 16 close to 
the cavity 21 in the plate 20, and the reagent is trans- 
ferred from the pipette 16 into the cavity 21. When the 
reagent is to be added dropwise to other reagent 22 
already placed in the cavity 21 for dilution or mixing, the 
reagent to be applied from the pipette 16 is brought into 
contact with the liquid surface of the reagent 22 in the 
cavity 21 to free the surface tension and thereby draw 
off the reagent from the pipette 16. 

If the pipette 16 itself comes into contact with the 
reagent 22 in the cavity 21 at this time, the reagent 
adhering to the pipette 16 will be mixed with the other 
reagent in the subsequent pipetting step, so that the 
reagent needs to be drawn off from the pipette 16 with 
its lower end positioned slightly above the liquid surface 
of the reagent 22. 

When the reagent is added for dilution or mixing, 
the pipette head 15 is lowered under the control of the 
controller 19 to bring the pipette 16 close to the liquid 
surface of the reagent 22 within the cavity 21 of the plate 
20 to the greatest possible extent as stated above. How- 
ever, since the liquid level of the reagent 22 differs from 
cavity to cavity, there arises a need to measure the liq- 
uid level every time to adjust the level of the pipette 1 6. 
The measurement of liquid level of the reagent 22 
requires an accuracy of the order of 0.1 mm. 

Although it is advantageous to use a laser measur- 
ing instrument from the viewpoint of the accuracy of dis- 
tance measurements, the instrument is not usable for 
transparent reagents or reagents which are likely to 
undergo photochemical reaction since the reagent is 
irradiated with a laser beam in this case. Further 
because the liquid surface has irregularities due to sur- 
face tension, the direction of reflection is not definite, 
and the instrument has a problem with respect to sensi- 
tivity in receiving reflected light waves. 

Accordingly, it is conventional practice to measure 
the distance to the liquid surface of the reagent 22 by an 
ultrasonic sensor 1 provided at one side of the pipette 
head 15 as seen in FIG. 18 and to feedback the meas- 



urement to the controller 19 for controlling the table 
mechanism 18. 

The ultrasonic sensor 1 emits waves toward the 
object of measurement, receives the waves returning 

5 upon reflection at the object and measures the time 
from the emission of the waves and receiving of the 
reflected waves to determine the distance to the object 
based on the measurement 

Owing to the mechanical impedance of the trans- 

io ducer, the transmitted waves have such a waveform that 
the amplitude gradually increases first and thereafter 
gradually decreases as seen in FIG. 14. In correspond- 
ing relation with this waveform, the received waves are 
also similarly shaped. The received waves have the 

is same frequency as the transmitted waves, and in peak 
value, a plurality of waves included in the received 
waves have a constant attenuation ratio to the corre- 
sponding waves included in the transmitted waves. 
To be accurate, the time from the emission of the 

20 transmitted waves to the receiving of the received 
waves must be measured for the period from the rise of 
the first of the transmitted waves to the rise of the first of 
the received waves. To avoid an error in detecting the 
rise of the first of the received waves due to noise, the 

25 time when the amplitude of the waveform has exceeded 
a predetermined threshold level is taken as the time of 
rise of the first of the received waves as shown in FIG. 
14. 

As a result, the measurement obtained by the con- 
so ventional ultrasonic sensor involves an error corre- 
sponding to several wavelengths of ultrasonic waves. 

Furthermore, the size of received waves varies with 
variations in the distance to be measured and with the 
planarity of surface of the object, consequently altering 
35 the point of time when the threshold level is exceeded. 
Accordingly, the above-mentioned error differs for differ- 
ent sizes of received waves. 

The error may be minimized by increasing the fre- 
quency of the transducer, but this results in marked 
40 attenuation of the amplitude during the propagation of 
ultrasonic waves and impaired measuring sensitivity. 

SUMMARY OF THE INVENTION 

45 An object of the present invention is to provide ultra- 
sonic sensors adapted to give measurements with high 
accuracy even with use of ultrasonic waves of relatively 
low frequency, and pipetting apparatus equipped with 
the ultrasonic sensor. 

50 The present invention provides a first ultrasonic 
sensor comprising first detecting means for detecting 
the time of rise of the first of transmitted waves, second 
detecting means for detecting a plurality of peak points 
appearing in the waveform of received waves and 

55 detecting a waveform reference point where the time- 
base coordinate is a minimum on a phantom envelope 
connecting the peak points, and calculating means for 
calculating the distance to an object of measurement 
based on the time of rise of the first of the transmitted 
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waves detected by the first detecting means, the time of 
the waveform reference point of the received waves 
detected by the second detecting means and a prede- 
termined period of offset time. 

With the first ultrasonic sensor described, the time 
of rise of the first of the transmitted waves can be 
detected based on the time when supply of drive pulses 
to the transducer is started. 

On the other hand, taken as the time Ps of rise of 
the first of the received waves is, as shown in FIG. 3, the 
time when a predetermined period of offset time To has 
elapsed from a waveform reference point Pb where the 
time-base coordinate is a minimum on a phantom enve- 
lope connecting a plurality of peak points Po appearing 
in the waveform of the received waves. Since any wave 
included in the waveform attenuates with the same 
attenuation ratio, phantom envelopes each connecting 
peak points Po extend through the same waveform ref- 
erence point Pb in view of the geometric relation 
involved, regardless of the extent of attenuation as indi- 
cated in broken lines in FIG. 4. 

Specifically stated, the period of time (offset time 
To) from the reference point Pb to the time Ps of rise of 
the first wave is constant regardless of the distance to 
the object of measurement. Accordingly, the offset time 
To can be predetermined by experiments as a value 
inherent in the sensor. 

Stated more specifically, the waveform reference 
point is a zero cross point Pz where the phantom enve- 
lope intersects the zero level of the waveform as indi- 
cated in a broken line in FIG. 5. 

In the case where the ground level of the waveform 
detecting signal is not deflected from the center of 
amplitude of the waveform in the specific construction 
described, the zero cross point Pz coincides with a point 
where the time-base coordinate is a minimum on the 
phantom envelope. Accordingly, the zero cross point Pz 
can be detected as the waveform reference point. 

Specifically stated, the second detecting means 
comprises sampling means for sampling the received 
waves at 2n times (n is an integer of at least 1) the fre- 
quency of the transmitted waves, extraction means for 
extracting a plurality of apparent peak points regarded 
as peaks from the received wave sampled points 
obtained by the sampling means, and detector means 
for detecting a waveform reference point where the 
time-base coordinate is a minimum on a phantom enve- 
lope connecting the plurality of apparent peak points of 
the received waves obtained by the extraction means. 

In the specific construction described, the extrac- 
tion means extracts the plurality of apparent peak points 
from the received wave sampled points obtained at a 
specified frequency, i.e., at 2n times (n is an integer of at 
least 1) the frequency of the transmitted waves. The 
received waves have the same frequency as the trans- 
mitted waves and have true peak points Po the cycle of 
which is constant as shown in FIGS. 6 and 7, so that 
even if the apparent peak points P deviate from the true 
peak points Po as illustrated, the deviations AS in the 



time-base direction are equal for all waves. In view of 
the geometric relation involved, therefore, the phantom 
envelope connecting the true peak points Po and the 
phantom envelope connecting the apparent peak points 
5 P extend through the same waveform reference point 
Pb. 

For example, n is 1, and the extraction means 
extracts all the received wave sampled points as appar- 
ent peak points, and the detector means detects a 

io waveform reference point where the time-base coordi- 
nate is a minimum on a phantom envelope connecting 
these sampled points. 

In the specific construction described, the received 
waves are sampled at twice the frequency of the trans- 

is mitted waves, so that if one of the sampled points coin- 
cides with the true peak point Po of one wave in FIG. 6, 
all the other sampled points will be the true peak points 
Po of the other waves. Further even if the sampled 
points deviate from the true peak points Po, the devia- 

20 tions in the time-base direction of all the sampled points 
are equal as previously stated. Accordingly, the wave- 
form reference point can be determined from the phan- 
tom envelope connecting these sampled points, i.e., the 
apparent peak points P. 

25 Alternatively, n is, for example, at least 2, the extrac- 
tion means compares the sampled points of the 
received waves with one another and extracts a plurality 
of apparent peak points which are regarded as peaks, 
and the detector means detects a waveform reference 

30 point where the time-base coordinate is a minimum on 
a phantom envelope connecting these apparent peak 
points. 

With the specific construction described, sampled 
points which are different in deviation with respect to the 

35 time-base direction will repeatedly occur with the cycle 
of the received waves as shown in FIG. 7, whereas if a 
plurality of apparent peak points P are extracted from 
these sampled points, the deviations AS of these appar- 
ent peak points P in the time-base direction are equal. 

40 Accordingly, the waveform reference point can be deter- 
mined from a phantom envelope connecting these 
apparent peak points P. 

The present invention provides a second ultrasonic 
sensor comprising detecting means for detecting a plu- 

45 rality of peaks appearing in each of the waveforms of 
transmitted waves and received waves and detecting a 
waveform reference point where the time-base coordi- 
nate is a minimum on a phantom envelope connecting 
the peak points of each waveform, first calculating 

so means for calculating the elapsed time from the wave- 
form reference point of the transmitted waves to the 
waveform reference point of the received waves, and 
second calculating means for calculating the distance to 
an object of measurement based on the time value cal- 

55 culated by the first calculating means. 

With the second ultrasonic sensor described, the 
reference point of each of the waveforms of the trans- 
mitted waves and the received waves is detected, and 
the elapsed time from the waveform reference point of 
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the transmitted waves to the waveform reference point 
of the received waves is taken as the elapsed time from 
the time of rise of the first of the transmitted waves to the 
time of rise of the first of the received waves. As shown 
in FIG. 8 in this case, the period (period of offset time 
To) from time t1 of the waveform reference point of the 
transmitted waves to time Tl of rise of the first transmit- 
ted wave is equal to the period (period of offset time To) 
from time t2 of the waveform reference point of the 
received waves to time T2 of rise of the first received 
wave, as will be apparent geometrically. Accordingly the 
elapsed time AT from the waveform reference point of 
the transmitted waves to the waveform reference point 
of the received waves is in match with the elapsed time 
AT from the time of rise of the first of the transmitted 
waves to the time of rise of the first of the received 
waves. 

Specifically stated, the detecting means comprises 
sampling means for sampling the transmitted waves 
and the received waves at 2n times (n is an integer of at 
least 1) the frequency of the transmitted waves, extrac- 
tion means for extracting apparent peak points regarded 
as peaks respectively from the transmitted wave sam- 
pled points and the received wave sampled points 
obtained by the sampling means, first detector means 
for detecting a waveform reference point where the 
time-base coordinate is a minimum on a phantom enve- 
lope connecting the apparent peak points of the trans- 
mitted waves obtained by the extraction means, and 
second detector means for detecting a waveform refer- 
ence point where the time-base coordinate is a mini- 
mum on a phantom envelope connecting the apparent 
peak points of the received waves obtained by the 
extraction means. 

With the specific construction described, even if the 
apparent peak points deviate from true peak points, a 
phantom envelope connecting the true peak points and 
the phantom envelope connecting the apparent peak 
points extend through the same waveform reference 
point. 

For example, n is 1, and the extraction means 
extracts all the sampled points of the transmitted waves 
and the received waves as apparent peak points, and 
the first detector means and the second detector means 
each detect a waveform reference point where the time- 
base coordinate is a minimum on a phantom envelope 
connecting the sampled points of the corresponding 
waves. 

In the specific construction described, the transmit- 
ted waves and the received waves are sampled at twice 
the frequency of the transmitted waves, so that even if 
one of the sampled points coincides with the true peak 
point Po of one wave and also if the sampled point devi- 
ates from the true peak point Po as shown in FIG. 6, the 
waveform reference point can be determined by the 
phantom envelope connecting the sampled points, i.e., 
the apparent peak points P. 

Alternatively, n is, for example, at least 2, the extrac- 
tion means compares the sampled points of each of the 



waveforms of the transmitted waves and the received 
waves with one another to extract apparent peak points 
regarded as peaks, and the first detector means and the 
second detector means each detect a waveform refer- 

5 ence point where the time-base coordinate is a mini- 
mum on a phantom envelope connecting the apparent 
peak points of the corresponding waves. 

With the specific construction described, sampled 
points which are different in deviation from the corre- 

io sponding true peak point Po will occur cyclically as seen 
in FIG. 7, but the apparent peak points P are equal in 
deviation AS with respect to the time-base direction. 
Accordingly, the phantom envelope connecting the 
apparent peak points P provides a waveform reference 

15 point of the corresponding waves. 

With the first and second ultrasonic sensors 
described, the elapsed time AT from the time of rise of 
the transmitted wave to the time of rise of the received 
wave shown in FIG. 14 is indirectly calculated. This 

20 eliminates the measurement errors inevitably involved 
in the conventional system. 

The present invention further provides a pipetting 
apparatus which comprises the first ultrasonic sensor or 
second ultrasonic sensor of the invention installed, as 

25 directed downward, at one side of a pipette head. 

With this pipetting apparatus, the object of meas- 
urement by the ultrasonic sensor is the surface of a liq- 
uid placed in a cavity of a plate. The distance to the 
liquid surface is calculated based on the time taken for 

so the ultrasonic wave to reciprocatingly travel the distance 
from the sensor to the surface. 

The ultrasolic sensor of the invention realizes accu- 
racy of measurement not dependent on the wavelength 
of ultrasonic waves or the size of received waves and 

35 employs a measuring system which is free from errors 
in principle, consequently giving highly accurate meas- 
urements with a high resolution even with use of ultra- 
sonic waves of relatively low frequency. 

With the pipetting apparatus using the ultrasonic 

40 sensor of the invention, the pipette head can be posi- 
tioned in place with high accuracy by virtue of the highly 
accurate measurement afforded by the sensor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

45 

FIG. 1 is a block diagram showing the construction 
of an ultrasonic sensor embodying the invention; 
FIGS. 2(a) and 2(b) are waveform diagrams show- 
ing drive pulses and vibrations produced by a trans- 

so ducer, respectively; 

FIG. 3 is a diagram for illustrating a waveform refer- 
ence point where the time-base coordinate is a min- 
imum on a phantom envelope; 
FIG. 4 is a diagram illustrating that the waveform 

55 reference point remains unchanged with variations 
in the attenuation ratio of the amplitude; 
FIG. 5 is a diagram illustrating a zero cross point; 
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FIG. 6 is a diagram illustrating that the waveform 
reference point remains unchanged even when 
apparent peak points deviate from true peak points; 
FIG. 7 is a diagram illustrating the relation between 
true peak points and sampled points; 
FIG. 8 is a diagram illustrating the principle of calcu- 
lation of a period of offset time; 
FIG. 9 is a flow chart showing a procedure for deter- 
mining the distance to be measured; 
FIG. 10 is a flow chart showing a procedure for 
determining the waveform reference point; 
FIG. 11 is a flow chart showing the first half of 
another procedure for determining the distance to 
be measured; 

FIG. 12 is a flow chart showing the second half of 
the same procedure; 

FIG. 13 is a flow chart showing a procedure for 
determining a waveform reference point in the case 
where the sampling frequency is twice the fre- 
quency of transmitted waves; 
FIG. 14 is a diagram illustrating occurrence of a 
measuring error in the conventional system; 
FIG. 15 is a front view partly broken away and 
showing a pipetting apparatus embodying the 
invention; 

FIG. 16 is an enlarged fragmentary view in section 
showing the pipetting apparatus; 
FIG. 17 is a diagram illustrating a method of calcu- 
lating a period of offset time for use in the pipetting 
apparatus of the invention; 

FIG. 18 is a front view partly broken away and 
showing a conventional pipetting apparatus; and 
FIG. 19 is an enlarged fragmentary view in section 
corresponding to FIG. 16 and showing the conven- 
tional apparatus. 

DETAILED DESCRIPTION OF EMBODIMENTS 

The present invention will be described in detail 
with reference to three embodiments and the drawings. 

First Embodiment 

FIG. 1 shows this embodiment i.e., an ultrasonic 
sensor 1 , wherein the operating mode of a transducer 2 
is changed over to a transmitting mode or to a receiving 
mode by a change-over switch 3. In the transmitting 
mode, a clock pulse generator 4 feeds clock pulses of 
400 kHz to a drive pulse generator 5 to prepare drive 
pulses of 400 kHz. The drive pulses are amplified by an 
amplifier 6 and then supplied to the transducer 2 via the 
change-over switch 3. FIG. 2(a) shows these several 
drive pulses which have a constant peak value, 
whereas the vibration produced by the transducer 2 
assumes such a waveform that the amplitude gradually 
increases first and thereafter gradually decreases as 
seen in FIG. 2(b) owing to the mechanical impedance of 
the transducer 2. 



As shown in FIG. 1, the output of the amplifier 6 is 
fed also to a sampling circuit 12, and the signal thereby 
sampled is converted by an A/D converter 13 to digital 
data, which is fed to a microcomputer 25 by way of a bus 
5 line 14. 

The microcomputer 25 has a timer 7, CPU 8 and 
memory 9 which operate based on reference clock 
pulses from a clock pulse generator 10. The timer 7 is 
initiated into operation by a timer ON/OFF signal input 
10 thereto from the drive pulse generator 5. 

The data forwarded from the A/D converter 1 3 via 
the bus line 14 is processed by the CPU 8, whereby the 
time of rise of the first of transmitted waves is detected. 
The result is stored in the memory 9. 
is In the receiving mode, on the other hand, the trans- 
ducer 2 shown in FIG. 1 detects received waves and 
feeds a detection signal to the sampling circuit 1 2 via an 
amplifier 11. The amplitude value of the waveform is 
sampled by the circuit 12 at a predetermined frequency 
20 (4 MHz). The result is converted by the A/D converter 
13 into digital data, which is fed to the microcomputer 
25. The microcomputer 25 stores the variations in the 
waveform as data of x-,y-coordinate system wherein the 
time t of sampling is taken as the x-coordinate, and the 
25 sampled amplitude value V as the y-coordinate. 

To remove noise, a suitable threshold level is set for 
sampling the waveform of received waves, such that the 
data below the threshold level in the absolute value of 
amplitude is excluded. 
30 The microcomputer 25 thereafter detects a wave- 
form reference point of the received waves to derive the 
time of rise the first of the received waves. When a 
phantom envelope connecting peak points Po appear- 
ing in the received waves is depicted as a quadratic 
35 curve as shown in FIG. 3, the waveform reference point 
Pb is the vertex of the curve where the time-base (-axis) 
coordinate of the curve is a minimum. Taken as the time 
Ps of rise of the first of the received waves is the time 
when a predetermined period of offset time To has 
40 elapsed from the waveform reference point Pb. Since 
any wave included in the waveform attenuates with the 
same attenuation ratio, phantom envelopes each con- 
necting peak points extend through the same waveform 
reference point Pb in view of the geometic relation 
45 involved, regardless of the extent of attenuation as indi- 
cated in broken lines in FIG. 4. Stated more specifically, 
the period of time (offset time To) from the waveform ref- 
erence point Pb to the time Ps of rise of the first wave is 
constant regardless of the distance to the object of 
so measurement. Accordingly, the offset time To can be 
predetermined by experiments as a value inherent in 
the sensor. 

The distance L to the object is then calculated 
based on the elapsed time from the time of rise of the 
55 first of the transmitted waves to the time of rise of the 
first of the received waves. 

The distance L to the object thus calculated is out- 
put by a printer or shown on a display as desired. 
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FIG. 9 shows the procedure starting with the gener- 
ation of transmitted waves and ending with the calcula- 
tion of the distance L to the object of measurement. 

In step Si, drive pulses are fed to the transducer 2 
for the generation of transmitted waves, and in step S2, 
the time T1 of rise of the first transmitted wave is stored 
in the memory 9. 

Step S3 subsequently performs sampling and A/D 
conversion of received waves, and the sampled data is 
stored in the memory 9 in step S4. An inquiry is made in 
step S5 as to whether any data storage area still 
remains in the memory 9. If the answer is affirmative, 
the sequence returns to step S3. 

If the answer is negative, step S5 is followed by step 
S6 in which the counter variable i is reset (i = 0). 

In the next step S7, the ith data Di is retrieved from 
the memory 9. Step S8 inquires whether the absolute 
value of the data Di is greater than the threshold level. 
When the answer to the inquiry is "No, " i is incremented, 
followed by step S7 again. 

If the answer is affirmative, step S8 is followed by 
step S9. in which the time T2 of the waveform reference 
point of the received waves is derived. The procedure of 
step S9 will be described specifically later. In the next 
step S10, the time T2 of rise of the first of the received 
waves is calculated from Equation 1 below based on the 
time t2 of the received wave reference point and the pre- 
determined offset time To. 

T2 = t2 + To (Equation 1) 

The offset time To, which is a value inherent in the 
ultrasonic sensor 1, can be a specified value predeter- 
mined experimentally, whereas it is desired to calculate 
the value To every time for more accurate distance 
measurement. The method of calculating the offset time 
will be described later in detail. 

Subsequently in step S11. the elapsed time AT 
from the time T1 of rise of the first transmitted wave to 
the time T2 of rise of the first received wave is calcu- 
lated from Equation 2 given below based on these times 
T1,T2. 

AT = T2 - T1 (Equation 2) 

A sound velocity c is calculated from Equation 3 
given below in step S13. 

c = 0.607 xtv + 331.5 (Equation 3) 

wherein tv is the temperature of air detected by a tem- 
perature sensor at the time of measurement. Since the 
sound velocity is thus dependent on the temperature, it 
is necessary to measure the temperature and calculate 
the sound velocity every time the distance is to be 
measured so as to ensure high accuracy. 

Finally in step S13, the distance L to the object of 
measurement is calculated from Equation 4 below, 
based on the elapsed time AT from the time of rise of 



the first transmitted wave to the time of rise of the first 
received wave and on the sound velocity c. 

L = c x AT/2 (Equation 4) 

5 

A detailed description will now be given of the pro- 
cedure of the foregoing step S9, i.e., the procedure for 
deriving the waveform reference point of the received 
waves. 

w With reference to FIG. 10, the required counter var- 
iables n and m are reset in step S21 first, and the nth 
data item is retrieved from the memory 9 in step S22. 

In the next step S23, the absolute values of the nth, 
(n-1)th and (n-2)th data items are compared with one 

15 another, and if the absolute value of the (n-l)th is not a 
maximum, step S24 follows to increment n, whereupon 
the sequence returns to step S23. 

When the absolute value of the (n-1)th data item is 
found to be a maximum in step S23, step S25 follows, in 

20 which the (n-1)th data item is taken as the mth peak 
value. 

Subsequently in step S26, the absolute value of the 
mth peak value is compared with that of the (m-1)th 
peak value. If the latter is smaller, step S27 follows to 
25 increment n and m. The sequence then returns to step 
S22. 

When the absolute value of the (m-l)th peak value 
is found greater in step S26, step S28 follows, in which 
the method of least squares is applied to the data as to 

30 the peak points to approximate a phantom envelope 
connecting the peak points by a quadratic curve, 
t = aV 2 + bV + c wherein the time t is a function and 
the amplitude value V is a variable. 

In step S29 is then calculated a point where the 

35 time-base coordinate is a minimum on the phantom 
envelope, i.e., a point (t2, V2) where the slope of the 
quadratic curve is zero. This point can be determined as 
amplitude value V2 and time t2 satisfying Equation 5 
below, and these values V2, tl are given by Equations 6 

40 and 7, respectively. 

dt/dV = 2aV + b = 0 (Equation 5) 

V2 = -b/2a (Equation 6) 

45 

t2 = aVo 2 + bVo + c (Equation 7) 

The point (t2, V2) thus obtained is the waveform ref- 
erence point, and the time t2 of the received wave refer- 
so ence point is derived. 

A detailed description will be given of the method of 
calculating the period of offset time. 

The ultrasonic sensor 1 is positioned above a flat 
reference surface at a predetermined distance Ho 
55 therefrom. The distance can be determined using a ref- 
erence scale. The sensor 1 in this state is caused to 
emit waves of specified frequency toward the reference 
surface, followed by the procedure of FIG. 9, step S1 
through step S9 to measure the time T1 of rise of the 
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first of the transmitted waves and the time t2 of the 
waveform reference point of received waves and derive 
the period of time Te from time T1 to time t2. 

On the other hand, the time Tr taken for the trans- 
mitted wave to reciprocatingly travel the predetermined 
distance Ho is theoretically given by Equation 8. 

Tr = Ho x 2/c (Equation 8) 

wherein c is the sound velocity, which is calculated from 
Equation 3 in the same manner as in FIG. 9, step Si 2. 

With reference to FIG. 8, the foregoing procedure 
determines the time Te from the time T1 of rise of the 
first transmitted wave to the time t2 of the waveform ref- 
erence point of the received waves, and the theoretical 
calculation gives the time Tr from the time T1 of rise of 
the first transmitted wave to time T2 of rise of the first 
received wave. Accordingly the period from the 
received wave reference point t2 to the time T2 of rise of 
the first received wave, i.e., the offset time To, can be 
given from Equation 9 below based on the measure- 
ment Te and the theoretical value Tr. 

To = Tr - Te (Equation 9) 

With the measuring procedure described above, 
the time T2 of rise of the receiving wave is calculated by 
adding the offset time To to the time t2 of the waveform 
reference point of the received waves in order to calcu- 
late the elapsed time AT from the time T1 of rise of the 
first transmitted wave to the time T2 of rise of the first 
received wave, whereas the same result is available by 
calculating the elapsed time AT from the waveform ref- 
erence point t1 of the received waves to the waveform 
reference point t2 of the transmitted waves. 

In this case, the microcomputer 25 shown in FIG. 1 
performs the same calculation procedure as in FIG. 10 
for the sampled transmitted wave data supplied from the 
A/D converter 13 in the transmitting mode to detect the 
waveform reference point of the transmitted waves. The 
reference point is the vertex of a quadratic curve as rep- 
resentation of a phantom envelope connecting a plural- 
ity of peak points appearing in the transmitted waves, 
i.e., a point where the time-base coordinate of the curve 
is a minimum. 

The distance Lto the object of measurement is then 
calculated based on the elapsed time AT from the 
waveform reference point of the transmitted waves to 
the waveform reference point of the received waves. As 
seen in FIG. 8, the offset time To of transmitted waves is 
equal to the offset time To of received waves as geomet- 
rically apparent, so that the elapsed time AT from the 
transmitted wave reference point t1 to the received 
wave reference point t2 is in match with the elapsed 
time from the time T1 of rise of the transmitted wave to 
the time T2 of rise of the received wave. 

Described below is the procedure to be followed in 
this case which starts with the generation of transmitted 
waves and ends with the calculation of the distance L to 



the object. With reference to FIG. 11, drive pulses are 
fed in step S31 to the transducer 2 for the generation of 
transmitted waves, followed by step S32 which samples 
the transmitted waves and received waves and effects 

5 A/D conversion. 

Next, the sampled data is stored in the memory 9 in 
step S33. An inquiry is made in step S34 as to whether 
a data storage area remains in the memory 9. If the 
answer is affirmative, the sequence returns to step S32. 

io If the anwser is negative, step S34 is followed by 
step S35, in which the counter variable i is reset. 

Subsequently in step S36, the ith data is retrieved 
from the memory 9. Step S37 inquires whether the 
absolute value of the data Di is greater than the thresh- 

15 old level. When the answer is negative, step S38 follows 
to increment count i, whereupon the sequence returns 
to step S36. 

When the answer is found affirmative in step S37, 
step S39 follows to derive the time t1 of the waveform 
20 reference point of the transmitted waves. The reference 
point is derived by the procedure of FIG. 10. 

With reference to FIG. 12, the ith data Di is retrieved 
from the memory 9 in step S41, and step S42 inquires 
whether the emission of transmitted waves has been 
25 completed. If the answer to the inquiry of step S42 is 
negative, the sequence returns to step S41 , whereas if 
the answer is affirmative, i is incremented in step S43. 

The ith data Di is retrieved from the memory 9 in 
step S44, and an inquiry is made in step S45 as to 
30 whether the absolute value of the data Di is greater than 
the threshold level. When the answer is negative, step 
S45 is followed by step S43 again, while if it is affirma- 
tive, the sequence advances to step S46, in which the 
time t2 of the waveform reference point of received 
35 waves is derived. The reference point is derived by the 
procedure of FIG. 10. 

In the following step S47, the elapsed time AT from 
the waveform reference point of the transmitted waves 
to the waveform reference point of the received waves is 
40 calculated from Equation 10 below based on the times 
t1, t2 of the transmitted and received wave reference 
points. 

AT=t2-t1 (Equation 10) 

45 

In the next step S48, the sound velocity c is calcu- 
lated from Equation 3 in the same manner as in FIG. 9, 
step S12. Finally in step S49, the distance L to the 
object is calculated from Equation 11 given below, 
so based on the elapsed time AT from the transmitted 
wave reference point to the received wave reference 
point. 

L = cx AT/2 (Equation 11) 

55 

The ultrasonic sensor 1 according to the foregoing 
embodiment provides distance measurements with high 
accuracy and high sensitivity even with use of ultrasonic 
waves of relatively low frequency. 
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The waveform reference point is a point where the 
time-base coordinate is a minimum on the phantom 
envelope and is detectable independently of the voltage 
level, so that even if the ground level of the signal for 
detecting the waveform deviates from the center of 5 
amplitude of the waveform as indicated in a dot-and- 
dash line in FIG. 3, the detected position of the refer- 
ence point remains unshifted free of any influence. 
Accordingly, the sensor provides measurements with 
high accuracy at all times and free from the error that 10 
would otherwise result from the deviation of the ground 
level. 

When the offset time is calculated by the foregoing 
method every time a distance is to be measured, the 
measurement obtained can be of higher accuracy. 15 

FIG. 15 shows a pipetting apparatus equipped with 
the ultrasonic sensor 1. Along with a pipette head 15, 
the sensor 1 is attached as directed downward to an 
output portion of a triaxially drivable table mechanism 
18. The head and the sensor are always movable 20 
together by the operation of the table mechanism 18. A 
tube 23 of circular cross section is attached vertically to 
the wave emitting portion of the sensor 1 . The tube 23 
has the same inside diameter (about 7 mm) as cavities 
21 in a plate 20. The length of the tube 23 is 60 mm. 25 

When an agent is to be placed into the cavity 21 of 
the plate 20 on a base 17, the liquid level of other rea- 
gent 22 already placed in the cavity 21 is measured first 
by the ultrasonic sensor 1 . In this case, the opening por- 
tion of the tube 23 is brought close to the opening por- 30 
tion of the cavity 21 of the plate 20 to the greatest 
possible extent to oppose the opening portions to each 
other in alignment as shown in FIG. 16. 

When the sensor 1 emits ultrasonic waves in this 
state, the waves are guided by the inner peripheral sur- 35 
face of the tube 23 into the cavity 21 of the plate 20. 
Upon reflection at the liquid surface of the reagent 22, 
the waves are guided again by the inner peripheral sur- 
face of the tube 23 to return to the sensor 1 . 

With the conventional pipetting apparatus wherein 40 
the ultrasonic sensor 1 is not provided with the tube 23, 
the ultrasonic waves emitted by the sensor 1 spead out 
as seen in FIG. 19. Some of the waves are projected 
onto the opening edge of the plate cavity 21 , reflected 
from the edge and detected by the sensor 1 . This entail 45 
the problem that an accurate measurement H is not 
available. 

With the pipetting apparatus of the embodiment, on 
the other hand, the wave channel of the tube 23 has a 
cross sectional shape identical or substantially identical so 
with the shape of opening of the plate cavity 21 , and the 
distance is measured with the opening portion of the 
tube 23 positioned close to the cavity 21 of the to the 
greatest possible extent as seen in FIG. 16. This elimi- 
nates the likelihood that some of the waves emitted by 55 
the sensor 1 will be projected onto the opening edge of 
the cavity 21 , permitting all the waves to be guided into 
the cavity 21 and reflected from the surface of the liquid 
in the cavity 21. 



As a result, an accurate measutement H is 
obtained. 

In calculating the period of offset time To, it is possi- 
ble to utilize the tube 23 in place of the reference scale 
mentioned and a flat portion of the plate 20 as the refer- 
ence surface. 

Stated more specifically with reference to FIG. 17, 
the sensor 1 is caused to emit ultrasonic waves toward 
the flat portion of the plate 20 with the lower -end open- 
ing portion of the tube 23 in intimate contact with the flat 
portion. The distance Ho from the wave emitting portion 
of the sensor 1 to the flat portion is equal to the length 
of the tube 23, which is known (i.e., 60 mm in the 
present embodiment). It is therefore possible to theoret- 
ically determine the period Tr, shown in FIG. 8, from the 
time T1 of rise of the first transmitted wave to the time 
T1 of rise of the first received wave. The offset time To 
can be calculated by subtracting from the theoretical 
value Tr the measured value of the time, Te, from the 
time T1 of rise of the first transmitted wave to the time t2 
of the received wave reference point. The reference 
scale is unnecessary since the sensor 1 is positioned in 
place in this way by using the tube 23. 

The measurement obtained by the sensor 1 is fed 
to a controller 19 shown in FIG. 15 for use in controlling 
the position of the pipette head 15. 

More specifically, the table mechanism 18 is oper- 
ated based on the measurement provided by the sensor 
1 to position the lower end face of the pipette 16 on the 
head 15 at a level 0.2 to 0.6 mm above the liquid surface 
of the reagent 22 in the plate cavity 21 . 

A plunger device (not shown) coupled to the pipette 
1 6 is thereafter operated to discharge the reagent within 
the pipette 16. The reagent to be drawn off from the 
pipette 16 contacts in the form of a drop with the liquid 
surface of the reagent 22 in the plate cavity 21 and is 
freed from surface tension, whereby the reagent is 
placed into the cavity dropwise. 

With the pipetting apparatus described, the liquid 
level is measured by the ultrasonic sensor 1 with high 
accuracy. This accurately positions the pipette head 15 
when the reagent is to be drawn off, obviating the likeli- 
hood of the other reagent adhering to the end face of 
the pipette 1 6. 

In the case where the inside diameter of the tube 23 
is smaller than the inside diameter of the cavity 21 , the 
reflection at the cavity opening edge is similarly pre- 
cluded, whereas weak waves are then received by the 
sensor to result in an impaired S/N ratio. There arises a 
need for an expedient of improving the S/N ratio in this 
case. 

Second Embodiment 

The ultrasonic sensor 1 of the first embodiment is 
adapted to sample the amplitude value of transmitted 
waves and received waves at an optional constant fre- 
quency and to detect as a waveform reference point, the 
point where the time-base coordinate is a minimum on 
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a phantom envelope connecting a plurality of peak 
points appearing in the received waves, whereas the 
ultrasonic sensor according to the present second 
embodiment is adapted to sample the amplitude value 
of waveform at 2n times (n is an integer of at least 1 ) the 
frequency of transmitted waves and to detect a wave- 
form reference point where the time-base coordinate is 
a minimum on a phantom envelope connecting a plural- 
ity of apparent peak points appearing in the received 
waves 

In this case, the sampling circuit 12 of FIG. 1 sam- 
ples the waveform amplitude value at 2n times (n is an 
integer of at least 1) the frequency of the transmitted 
waves in the transmitting mode and the receiving mode. 
In the receiving mode, the microcomputer 25 detects 
the waveform reference point of the received waves 
from the received wave sampled data supplied from the 
A/D converter 13 to derive the time of rise of the first 
received wave. When a phantom envelope connecting a 
plurality of apparent peak points P appearing in the 
received waves is depicted as a quadratic curve as 
shown in FIG. 3, the waveform reference point Pb is the 
vertex of the curve where the time-base coordinate of 
the curve is a minimum. Taken as the time Ps of rise of 
the first of the received waves is the time when a prede- 
termined period of offset time To has elapsed from the 
waveform reference point Pb. Since any wave included 
in the waveform attenuates with the same attenuation 
ratio, the phantom envelope connecting the plurality of 
apparent peak points extends through the same wave- 
form reference point Pb as a phantom envelope con- 
necting true peak points in view of the geometric 
relation involved, so that the offset time To can be pre- 
determined experimentally as a value inherent in the 
sensor. 

The received waves have the same frequency as 
the transmitted waves and have true peak points Po the 
cycle of which is constant as shown in FIGS. 6 and 7. 
Therefore, even if the apparent peak points P deviate 
from the true peak points Po as illustrated, the devia- 
tions AS in the time-base direction are equal for all 
waves. In view of the geometric relation involved, 
accordingly, the phantom envelope connecting the true 
peak points Po and the phantom envelope connecting 
the apparent peak points P extend through the same 
waveform reference point. 

In the case where the sampling frequency of the 
sampling circuit 12 is set at twice (n = 1) the frequency 
of the transmitted waves, suppose one of the sampled 
points coincides with the true peak point Po of one wave 
as in FIG. 6. The other sampled points will then coincide 
respectively with the true peak points Po of all the other 
waves. Further even if the sampled points deviate from 
the true peak points Po, the deviations in the time-base 
direction of all the sampled points are the same. 
Accordingly, the waveform reference point can be deter- 
mined by means of the phantom envelope connecting 
these sampled points, i.e., the apparent peak points P. 



On the other hand, in the case where the sampling 
frequency of the sampling circuit 12 is set at 2n times (n 
s 2) the frequency of the transmitted waves, sampled 
points which are different in deviation with respect to the 

5 time-base direction will repeatedly occur with the cycle 
of the received waves as shown in FIG. 7, whereas if a 
plurality of apparent peak points P are extracted from 
these sampled points, the deviations AS of these appar- 
ent peak points P in the time-base direction are equal. 

10 Accordingly, the waveform reference point can be deter- 
mined from a phantom envelope connecting these 
apparent peak points P. 

The procedure starting with the generation of trans- 
mitted waves and ending with the calculation of the dis- 

75 tance L to the object of measurement is basically the 
same as the procedure shown in FIG. 9 for the first 
embodiment, but step S3 performs sampling at 2n times 
(n s 1) the frequency of the transmitted waves and A/D 
conversion. 

20 The time t2 of the waveform reference point of the 
received waves is derived in step S9. The procedure for 
deriving the received wave reference point will be 
described in detail with reference to the case wherein 
the sampling frequency is twice the frequency of the 

25 transmitted waves. 

With reference to FIG. 13, the required counter var- 
iable n is reset first in step S51 . In step S52, the nth data 
item is retrieved from the memory 9. 

In the next step S53, the absolute value of the nth 

30 data item is compared with that of the (n-1 )th data item, 
and if the (n-1)th data item is smaller, n is incremented, 
followed by step S52 again. 

When the absolute value of the (n-1)th data item is 
found greater in step S53, step S55 follows, in which the 

35 method of least squares is applied to the data as to the 
sampled points to approximate a phantom envelope 
connecting the sampled points by a quadratic curve, 
t = aV 2 + bV + c wherein time t is a function, and 
amplitude value V is a variable. 

40 In step S56 is then calculated a point where the 
time-base coordinate is a minimum on the phantom 
envelope, i.e., a point (t2, V2) where the slope of the 
quadratic curve is zero. This point can be determined as 
amplitude value V2 and time t2 satisfying Equation 5 

45 previously given, and these values V2, t1 are given by 
the foregoing Equations 6 and 7, respectively. 

The point (t2, V2) thus obtained is the waveform ref- 
erence point, and the time t2 of the received wave refer- 
ence point is derived. 

so In the case where the sampling frequency is the fre- 
quency of the transmitted waves multiplied by an even 
number of at least 4, the procedure to be performed is 
basically the same as is shown in FIG. 10 for the first 
embodiment. In this case, the (n-1)th sampled point is 

55 taken as the mth apparent peak point in step S25 of 
FIG. 10. 

The time T2 of rise of the first received wave is then 
calculated by adding the period of offset time To to the 
time t2 of the waveform reference point of the received 
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waves, and the distance L to the object of measurement 
is calculated based on the elapsed time AT from the 
time of rise of the first transmitted wave to the time of 
rise of the first received wave. The offset time To can be 
calculated by the method already described. 5 

With the present embodiment as in the case of the 
first embodiment, the distance L to the object can be 
calculated also based on the elapsed time AT from the 
waveform reference point of the transmitted waves to 
that of the received waves. 10 

In the case of the ultrasonic sensor 1 of the present 
embodiment, the frequency at which the transmitted 
waves and received waves are sampled is related with 
the frequency of the transmitted waves, so that the 
waveform reference point can be derived even by sam- 15 
pling at a low frequency, for example, at two to 10 times 
the frequency of the transmitted waves. 

Further the sensor 1 of the present embodiment, 
like the first embodiment, can be incorporated into a 
pipetting apparatus to achieve the same effect. 20 

Third Embodiment 

According to the first embodiment described, the 
waveform reference point is the vertex of a quadratic 25 
curve as representation of a phantom envelope con- 
necting a plurality of peak points appearing in the 
received waves, i.e., the point where the time-base 
coordinate of the quadratic curve is a minimum, 
whereas with the ultrasonic sensor of the third embodi- 30 
ment, a phantom envelope connecting a plurality of 
peak points appearing in received waves is represented 
by a linear line, and the zero cross point-where the line 
intersects the zero level of the waveform is taken as a 
waveform reference point. 35 

In the receiving mode in this case, the microcom- 
puter 25 of FIG. 1 stores variations in the waveform in 
the memory 9 as data of two-dimensional coordinate 
system wherein the sampled time t is taken as the x- 
coordinate and the sampled amplitude value V as the y- 40 
coordinate. With the present embodiment, the data with 
negative y-coordinates is to be neglected. In the receiv- 
ing mode, the microcomputer 25 further detects the 
waveform reference point of received waves to derive 
the time of rise of the first of the received waves. As 45 
seen in FIG. 5, an envelope connecting peak points Po 
appearing in the received waves is represented by a lin- 
ear line. The waveform reference point Pz is then the 
zero cross point where the line intersects the zero level 
of the waveform, and the time when a predetermined so 
period of offset time To has elapsed from the reference 
point Pz is taken as the time Ps of rise of the first of the 
received waves. Since any wave included in the wave- 
form attenuates with the same ratio, the linear line 
extends through the same waveform reference point Pz ss 
regardless of the extent of attenuation, in view of the 
geometric relation involved. Thus, the period (offset 
time To) from the reference point Pz to the time Ps of 
rise of the first wave is constant regardless of the dis- 



tance to the object of measurement. Accordingly, the 
offset time To can be predetermined experimentally as a 
value inherent in the sensor. 

While the procedure starting with the generation of 
transmitted waves and ending with the calculation of the 
distance L to the object is basically the same as is 
shown in FIG. 9 for the first embodiment, only the sam- 
pled data which is positive in y-coordinate is stored in 
memory 9 in step S4. 

The time t2 of the waveform reference point of the 
received waves is derived in step S9. The procedure for 
deriving the received wave reference point is basically 
the same as is shown in FIG. 10 for the first embodi- 
ment. The nth, (n-1)th and (n-2)th data items are com- 
pared with one another in step S23, and the mth peak 
value is compared with (m-1)th peak value in step S26. 

The method of least squares is applied to the peak 
points in step S28 to approximate a phantom envelope 
connecting the peak points by a linear line, V = at + b 
wherein the amplitude value V is a function, and time t 
is a variable. The zero cross point (t2, 0) where V = 0 is 
calculated in step S29. The zero cross point (t2, 0) pro- 
vides a waveform reference point to derive the time t2 of 
the received wave reference point. 

The time T2 of rise of the received wave is then cal- 
culated by adding the offset time To to the time t2 of the 
received wave reference point. The distance L to the 
object is calculated based on the elapsed time AT from 
the time of rise of the first transmitted wave to the time 
of rise of the first received wave. The offset time To can 
be calculated by the foregoing method. 

With the present embodiment as is the case with 
the first embodiment, the distance L to the object can be 
calculated also based on the elapsed time AT from the 
waveform reference point of the transmitted waves to 
that of the received waves. 

The ultrasonic sensor 1 of the present embodiment 
is useful when the ground level of the signal for detect- 
ing the waveform is not deviated from the center of 
amplitude of the waveform. 

Like the first embodiment, the sensor 1 of the 
present embodiment can be incorporated into a pipet- 
ting apparatus to achieve the same effect. 

The description of the foregoing embodiments is 
intended to illustrate the present invention and should 
not be interpreted as limiting the invention defined in the 
appended claims or reducing the scope thereof. The 
sensors and apparatus of the invention are not limited to 
the foregoing embodiments in construction but can be 
modified variously without departing from the spirit of 
the invention as set forth in the claims. 

For example, in calculating the elapsed time from 
the time of rise of the first transmitted wave to the time 
of rise of the first received wave, the embodiments 
described are adapted to calculate the time of rise of the 
first received wave by adding the offset time to the time 
of the waveform reference point of the received waves, 
whereas it is possible to calculate first the elapsed time 
from the time of rise of the first transmitted wave to the 



10 



: <EP 0732598A1J_> 



19 



EP 0 732 598 A1 



20 



received wave reference point and add the offset time to 
the result of the calculation. 

Although a quadratic curve is used to represent the 
phantom envelope according to the first and second 
embodiments, the envelope can be approximated by 
two intersecting straight lines. In this case, the intersec- 
tion provides a waveform reference point. 

Among the y-coordinates obtained by the measure- 
ment by the sensor 1, the positive data only is used 
according to the third embodiment, whereas the phan- 
tom envelope of transmitted or received waves can be 
obtained using the negative data in place of, or in addi- 
tion to, the positive data. Furthermore, the phantom 
envelope can be approximated by a quadratic curve or 
exponential curve. 

Claims 

1. An ultrasonic sensor for measuring the distance to 
an object by transmitting waves to the object, 
receiving the waves returning upon reflection at the 
object and measuring the time from the emission of 
the transmitted waves to the receiving of the 
received waves to determine the distance based on 
the resulting time measurement, the ultrasonic sen- 
sor being characterized in that the sensor com- 
prises: 

first detecting means for detecting the time of 
rise of the first of the transmitted waves, 
second detecting means for detecting a plural- 
ity of peak points appearing in the waveform of 
the received waves and detecting a waveform 
reference point where the time-base coordi- 
nate is a minimum on a phantom envelope con- 
necting the peak points, and 
calculating means for calculating the distance 
to the object based on the time of rise of the 
first of the transmitted waves detected by the 
first detecting means, the time of the waveform 
reference point of the received waves detected 
by the second detecting means and a predeter- 
mined period of offset time. 

2. An ultrasonic sensor as defined in claim 1 wherein 
the waveform reference point is a zero cross point 
where the phantom envelope intersects the zero 
level of the waveform. 

3. An ultrasonic sensor as defined in claim 1 wherein 
the second detecting means comprises: 

sampling means for sampling the received 
waves at 2n times (h is an integer of at least 1) 
the frequency of the transmitted waves, 
extraction means for extracting a plurality of 
apparent peak points regarded as peaks from 
the received wave sampled points obtained by 
the sampling means, and 



detector means for detecting a waveform refer- 
ence point where the time-base coordinate is a 
minimum on a phantom envelope connecting 
the plurality of apparent peak points of the 
5 received waves obtained by the extraction 

means. 

4. An ultrasonic sensor as defined in claim 3 wherein 
n is 1, the extraction means extracts all the received 
io wave sampled points as apparent peak points, and 
the detector means detects a waveform reference 
point where the time-base coordinate is a minimum 
on a phantom envelope connecting these sampled 
points. 
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An ultrasonic sensor as defined in claim 3 wherein 
n is at least 2, the extraction means compares the 
sampled points of the received waves with one 
another and extracts a plurality of apparent peak 
points regarded as peaks, and the detector means 
detects a waveform reference point where the time- 
base coordinate is a minimum on a phantom enve- 
lope connecting these apparent peak points. 

An ultrasonic sensor as defined in claim 1 which is 
provided with means for calculating the period of 
offset time by causing the ultrasonic sensor as 
installed above a flat reference surface at a prede- 
termined distance therefrom to transmit waves of 
specified frequency to the reference surface, meas- 
uring the time of rise of the first of the transmitted 
waves and the time of a wave reference point of 
received waves, and calculating the time from the 
waveform reference point of the received waves to 
the time of rise of the first of the received waves 
based on the time measurements and a theoretical 
value of the time taken for the transmitted wave to 
reciprocatingly travel the predetermined distance to 
set the result of calculation as the offset time. 

An ultrasonic sensor as defined in claim 1 wherein 
the object is the surface of a liquid placed in a cavity 
of a container. 



45 8. An ultrasonic sensor for measuring the distance to 
an object by transmitting waves to the object, 
receiving the waves returning upon reflection at the 
object and measuring the time from the emission of 
the transmitted waves to the receiving of the 

50 received waves to determine the distance based on 
the resulting time measurement, the ultrasonic sen- 
sor being characterized in that the sensor com- 
prises: 

55 detecting means for detecting a plurality of 

peaks appearing in each of the waveforms of 
the transmitted waves and the received waves 
and detecting a waveform reference point 
where the time-base coordinate is a minimum 
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on a phantom envelope connecting the peak 
points of each waveform, 
first calculating means for calculating the 
elapsed time from the waveform reference 
point of the transmitted waves to the waveform 
reference point of the received waves, and 
second calculating means for calculating the 
distance to the object based on the time value 
calculated by the first calculating means. 

9. An ultrasonic sensor as defined in claim 8 wherein 
the waveform reference point is a zero cross point 
where the phantom envelope intersects the zero 
level of the waveform. 

10. An ultrasonic sensor as defined in claim 8 wherein 
the detecting means comprises: 

sampling means for sampling the transmitted 
waves and the received waves at 2n times (n is 
an integer of at least 1) the frequency of the 
transmitted waves, 

extraction means for extracting apparent peak 
points regarded as peaks respectively from the 
transmitted wave sampled points and the 
received wave sampled points obtained by the 
sampling means, 

first detector means for detecting a waveform 
reference point where the time-base coordi- 
nate is a minimum on a phantom envelope con- 
necting the apparent peak points of the 
transmitted waves obtained by the extraction 
means, and 

second detector means for detecting a wave- 
form reference point where the time-base coor- 
dinate is a minimum on a phantom envelope 
connecting the apparent peak points of the 
received waves obtained by the extraction 
means. 

1 1 . An ultrasonic sensor as defined in claim 1 0 wherein 
n is 1 , the extraction means extracts all the sampled 
points of the transmitted waves and the received 
waves as apparent peak points, and the first detec- 
tor means and the second detector means each 
detect a waveform reference point where the time- 
base coordinate is a minimum on a phantom enve- 
lope connecting the sampled points of the corre- 
sponding waves. 

12. An ultrasonic sensor as defined in claim 10 wherein 
n is at least 2, the extraction means compares the 
sampled points of each of the waveforms of the 
transmitted waves and the received waves with one 
another to extract apparent peak points regarded 
as peaks, and the first detector means and the sec- 
ond detector means each detect a waveform refer- 
ence point where the time-base coordinate is a 



minimum on a phantom envelope connecting the 
apparent peak points of the corresponding waves. 

13. An ultrasonic sensor as defined in claim 8 wherein 
5 the object is the surface of a liquid placed in a cavity 

of a container. 

14. A pipetting apparatus having a pipette head 
attached to an output portion of a head drive mech- 

io anism, a pipette directed downward and projecting 
from the pipette head for drawing in and discharg- 
ing a liquid, and an ultrasonic sensor provided at 
one side of the pipette head and directed downward 
for measuring the distance to an object by transmi- 
ts ting waves to the object, receiving the waves return- 
ing upon reflection at the object and measuring the 
time from the emission of the transmitted waves to 
the receiving of the received waves to determine 
the distance based on the resulting time measure- 
20 ment, the pipetting apparatus being characterized 
in that the ultrasonic sensor comprises: 

first detecting means for detecting the time of 
rise of the first of the transmitted waves, 
25 second detecting means for detecting a plural- 

ity of peak points appearing in the waveform of 
the received waves and detecting a waveform 
reference point where the time-base coordi- 
nate is a minimum on a phantom envelope con- 
30 necting the peak points, and 

calculating means for calculating the distance 
to the object based on the time of rise of the 
first of the transmitted waves detected by the 
first detecting means, the time of the waveform 
35 reference point of the received waves detected 

by the second detecting means and a predeter- 
mined period of offset time. 

15. A pipetting apparatus as defined in claim 14 
40 wherein the waveform reference point is a zero 

cross point where the phantom envelope intersects 
the zero level of the waveform. 

16. A pipetting apparatus as defined in claim 14 
45 wherein the second detecting means comprises: 

sampling means for sampling the received 
waves at 2n times (n is an integer of at least 1) 
the frequency of the transmitted waves, 
50 extraction means for extracting a plurality of 

apparent peak points regarded as peaks from 
the received wave sampled points obtained by 
the sampling means, and 
detector means for detecting a waveform refer- 
55 ence point where the time-base coordinate is a 

minimum on a phantom envelope connecting 
the plurality of apparent peak points of the 
received waves obtained by the extraction 
means. 
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17. A pipetting apparatus as defined in claim 14 
wherein the object is the surface of a liquid placed 
in a cavity of a plate, and an ultrasonic wave emit- 
ting portion of the ultrasonic sensor has a tube 
attached thereto as directed downward and formed 5 
with a wave channel centrally thereof- the wave 
channel of the tube having a cross sectional shape 
identical or substantially identical with the shape of 
opening of the cavity. 

10 

18. A pipetting apparatus as defined in claim 14 
wherein the object is the surface of a liquid placed 
in a cavity of a plate, and an ultrasonic wave emit- 
ting portion of the ultrasonic sensor has a tube 
attached thereto as directed downward and formed is 
with a wave channel centrally thereof, the wave 
channel of the tube having a cross sectional shape 
identical or substantially identical with the shape of 
opening of the cavity, the ultrasonic sensor being 
provided with means for calculating the period of 20 
offset time by causing the. sensor to transmit waves 

of specified frequency toward a flat portion of the 
plate with an opening portion of the tube in intimate 
contact with the flat portion, measuring the time of 
rise of the first of the transmitted waves and the 25 
time of a wave reference point of received waves, 
and calculating the time from the waveform refer- 
ence point of the received waves to the time of rise 
of the first of the received waves based on the time 
measurements and a theoretical value of the time 30 
taken for the transmitted wave to reciprocating 
travel the wave channel to set the result of calcula- 
tion as the offset time. 

19. A pipetting apparatus having a pipette head 35 
attached to an output portion of a head drive mech- 
anism, a pipette directed downward and projecting 
from the pipette head for drawing in and discharg- 
ing a liquid, and an ultrasonic sensor provided at 
one side of the pipette head and directed downward 40 
for measuring the distance to an object by transmit- 
ting waves to the object, receiving the waves return- 
ing upon reflection at the object and measuring the 
time from the emission of the transmitted waves to 

the receiving of the received waves to determine as 
the distance based on the resulting time measure- 
ment, the pipetting apparatus being characterized 
in that the ultrasonic sensor comprises: 

detecting means for detecting a plurality of so 
peaks appearing in each of the waveforms of 
the transmitted waves and the received waves 
and detecting a waveform reference point 
where the time-base coordinate is a minimum 
on a phantom envelope connecting the peak ss 
points of each waveform, 
first calculating means for calculating the 
elapsed time from the waveform reference 



point of the transmitted waves to the waveform 
.reference point of the received waves, and 
second calculating means for calculating the 
distance to the object based on the time value 
calculated by the first calculating means. 

20. A pipetting apparatus as defined in claim 19 
wherein the waveform reference point is a zero 
cross point where the phantom envelope intersects 
the zero level of the waveform. 

21. A pipetting apparatus as defined in claim 19 
wherein the detecting means comprises: 

sampling means for sampling the transmitted 
waves and the received waves at 2n times (n is 
an integer of at least 1) the frequency of the 
transmitted waves, 

extraction means for extracting apparent peak 
points regarded as peaks respectively from the 
transmitted wave sampled points and the 
received wave sampled points obtained by the 
sampling means, 

first detector means for detecting a waveform 
reference point where the time-base coordi- 
nate is a minimum on a phantom envelope con- 
necting the apparent peak points of the 
transmitted waves obtained by the extraction 
means, and 

second detector means for detecting a wave- 
form reference point where the time-base coor- 
dinate is a minimum on a phantom envelope 
connecting the apparent peak points of the 
received waves obtained by the extraction 
means. 

22. A pipetting apparatus as defined in claim 19 
wherein the object is the surface of a liquid placed 
in a cavity of a plate, and an ultrasonic wave emit- 
ting portion of the ultrasonic sensor has a tube 
attached thereto as directed downward and formed 
with a wave channel centrally thereof, the wave 
channel of the tube having a cross sectional shape 
identical or substantially identical with the shape of 
opening of the cavity. 
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